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INTRODUCTION
Human immunodeficiency virus types 1 and 2 (HIV-1 and HIV-2) are distinct human lentiviruses that cause acquired immunodeficiency syndrome. SIVcpz from chimpanzees (pan troglodytes troglodytes) and SIVsmm from sooty mangabeys (Cercocebus atys atys) are known to have crossed the species barrier, generating HIV-1 and HIV-2, respectively. [1] The major clinical difference between the two infections is that progression to immunodeficiency occurs more slowly in HIV-2 infection compared with HIV-1; hence, long-term nonprogressors are observed more frequently in HIV-2. Because of the high degree of replication in vivo and the error-prone process of replication, lentiviruses undergo rapid evolution in an infected host. [2] HIV-2 was the first described and isolated in 1985 and 1986, respectively, [3] in West Africa. Worldwide, about 1-2 million of those living with HIV are infected with HIV-2. [4] HIV-2 infections are mainly restricted to West Africa, including Guinea-Bissau, Gambia, Senegal, Cape Verde, Cote d'Ivoire, Mali, Sierra Leone, and Nigeria. In addition to West Africa, countries with past socioeconomical links with Portugal including southwest India [5, 6, 7] have a significant numbers of HIV-2 infections. [8, 9] In the recent years, the prevalence of HIV-2 is a growing concern in some European countries.
In Europe, HIV-2 is mainly reported in Portugal and France countries that have socioeconomic relationship with some Western African regions. In France, HIV-2 represents 1.8% of new HIV infections. [9] HIV-2 can be divided into epidemic Groups (A and B) and nonepidemic Groups (C-G). [9, 10] HIV-2 Groups A and B have established human-to-human transmission chains, whereas the six other HIV-2 lineages do not appear to be transmissible among humans. [11] Although the rate of sexual transmission of HIV-2 is very low relative to that of HIV-1, this virus can be transmitted by the same routes as HIV-1; [12] moreover, molecular evidence of homosexual transmission of HIV-2 in Spain has been reported. [13] By analyzing viral sequences obtained over several decades and calibrating a molecular clock based on observed nucleotide changes, a reliable rate of sequence evolution can be inferred. In addition, recently developed probabilistic methods that integrate phylogeographical with demographic and molecular clock models supported by a firm statistical basis, allowed the simultaneous reconstruction of viral epidemics on spatial and temporal scales. [14] Previous studies dated the introduction of HIV-2 Groups A and B into the human population estimated the epidemic history and the origin in Guinea-Bissau using a local population. [15, 16] This work was based on the analysis of a large pol gene dataset, including all the sequences available in HIV database (www.hiv.lanl.gov) until May 2014 to estimate the origin, the population dynamics, and the global phylogeography of HIV-2 Group B. The study was focused only on Group B because Group A was already studied, [15, 17] whereas for the other groups, there are not enough sequences available in the HIV database to study the spatial-temporal diffusion.
MATERIALS AND METHODS

Dataset
All available HIV-2 Group B pol gene sequences obtained from the HIV Los Alamos HIV sequence database (www.hiv.lanl.gov) were retrieved until May 2014. It was chosen to study the pol gene region because of the large number of sequences available in HIV database.
Among all the available HIV-2 Group B sequences in the database, only sequences with known location and sampling date were considered. It was performed an alignment to identify and select the pol gene sequences. Then, an alignment including 236 sequences was obtained, but due to the over-representation of the United Kingdom sequences, a randomization was performed to restore an equitable distribution among different countries.
The final dataset of Group B included 52 sequences from Belgium (n = 1), Cote D'Ivoire (n = 1), France (n = 3), Ghana (n = 4), Japan (n = 1), Luxembourg (n = 1), Mali (n = 4), Senegal (n = 5), and the United Kingdom (n = 32). The sequences were collected from 1986 to 2009. The sequences were aligned using Clustal X and manually edited by Bioedit software version 7.2.5 as already described. [18] Modeltest 3.7 was used [19] to select the simplest evolutionary model that fitted adequately the sequence data.
Likelihood-mapping
To obtain an overall impression of the phylogenetic signals in the HIV-2 pol gene Group B dataset, a likelihood-mapping analysis, undertaken of 10,000 random quartets generated using Tree Puzzle was carried out as already described. [20] A likelihood map consists of an equilateral triangle containing dots representing the likelihoods of the three possible un-rooted trees for a set of four sequences (quartets) randomly selected from the dataset-the dots close to the corners or at the sides represent tree-like (fully resolved phylogenies in which one tree is clearly better than the others) or network-like phylogenetic signals (three regions in which it is not possible to decide between two topologies). The central area of the map represents a star-like signal (the region in which the star tree is optimal). When using this strategy, if more than 30% of the dots fall into the center of the triangle, the data are considered unreliable for the purposes of phylogenetic inference.
Evolutionary rate estimate and demographic history
The evolutionary rates for HIV-2 dataset were estimated using a Bayesian Monte Carlo Markov Chain (MCMC) approach [21, 22] (BEAST version 1.7.4, http://beast.bio.ed.ac.uk) implementing the model selected with Modeltest using both a strict and an uncorrelated log-normal relaxed clock model.
As coalescent priors, three parametric demographic models of population growth (constant size, exponential, and expansion growth) and a Bayesian skyline plot (BSP, a nonparametric piecewise-constant model) were compared. The best fitting models were selected using a Bayes factor (BF with marginal likelihoods).
Chains were conducted for 50 × 10 6 generations and sampled every 5000 steps.
In accordance with Kass and Raftery, [23] the strength of the evidence against H0 (null hypothesis) was evaluated as follows: 2lnBF <2, no evidence; 2-6, weak evidence; 6-10, strong evidence; and >10, very strong evidence. A negative value indicates evidence in favor of H0. Only values of ≥6 were considered statistically significant. Convergence of the MCMC was assessed by calculating the effective sampling size (ESS) for each parameter. Only parameter estimates with ESS's of >200 were accepted.
The Bayesian tree of the first dataset was summarized in a target tree by Tree Annotator program implemented in the Beast package by choosing the tree with the maximum product of posterior probabilities (maximum clade credibility [MCC]) after a 10% burn-in.
The demographic history was estimated on HIV-2 dataset on an individual basis by comparing four coalescent models (constant population size, exponential growth, expansion growth, and BSP) under a lognormal relaxed molecular clock model.
Phylogeographic analysis
The phylogeographic analysis was performed on the HIV-2 dataset using the evolutionary rate estimated previously. The continuous-time Markov Chain (CTMC) process over discrete sampling locations implemented in BEAST 1.7.4 [24] was used for the geographical analysis, implementing the Bayesian Stochastic Search Variable Selection model that allows the diffusion rates to be zero with a positive prior probability. Comparison of the posterior and prior probabilities of the individual rates being zero provided a formal BF for testing the significance of the linkage between locations.
Viral gene flow analysis
The MacClade version 4 program (Sinauer Associates, Sunderland, MA) was used to count viral gene out/in flow in dataset among different locations; this was tested with a modified version of the Slatkin and Maddison test. [24] One-character data matrix was obtained from the original dataset by assigning to each taxon in the tree, a one-letter code indicating its own sampling location. Then, the putative origin of each ancestral sequence (i.e., internal node) in the tree is inferred by finding the most parsimonious reconstruction of the ancestral character. The final tree length, i.e., the number of observed migrations in the genealogy, can easily be computed and compared to the tree-length distribution of 10,000 trees obtained by random joining-splitting. Observed genealogies significantly shorter than random trees indicate the presence of subdivided population with restricted gene flow.
To perform this analysis, the HIV-2 Group B sequences were assigned to three groups such as EU1 (the United Kingdom), EU2 (France, Belgium, and Luxembourg), and AF (Africa).
Sequence from Japan (for the genotype B) was not included due to their limited representativeness.
The null hypothesis of panmixia (i.e., no population subdivision or complete intermixing of sequences from different geographic areas) was rejected by the randomization test (P < 0.0001).
[24]
RESULTS
Likelihood-mapping
The phylogenetic noise of dataset was investigated by means of likelihood-mapping. The percentage of dots falling in the central area of the triangles was 13.5% for HIV-2 Group B [Supplementary Figure 1] . As the dataset did not show more than 30% of noise, it contained sufficient phylogenetic signal.
Supplementary Figure 1
Likelihood-mapping of HIV-2 Group B pol gene. The dots inside the triangles represent the likelihood of the possible unrooted topologies for each quartet. Numbers indicate the percentage of dots in the center of the triangle corresponding to phylogenetic noise (star-like trees).
Evolutionary rate estimate and demographic history
The mean evolutionary rate of HIV-2 Group B pol gene was estimated using a Bayesian MCMC approach, implementing the TN93+I+G nucleotide substitution model. BF analysis showed that the relaxed clock fitted the data significantly better than strict clock (2lnBF between the strict and relaxed clock was 26.9 in favor of the second).
Under the relaxed clock, BF analysis showed that BSP was better than the other models (2lnBF > 24). The estimated mean value of HIV-2 Group B pol gene evolutionary rate was 1. Figure 1 shows the phylogeographic analysis of HIV-2 Group B pol gene. Phylogeographic reconstruction showed that the most probable location for the root of the tree was Ghana (state probability, sp = 0.46). Cluster A1 included only two strains, one from Belgium and the other from Japan, and originated in Japan.
Phylogeographic analysis
The minor clade (B) included two statistically supported cluster named B1 and B2. Cluster B1 included sequences from Ghana, Cote d'Ivoire, Luxemburg, Mali, and France and dated in 1976 (95% HPD: 1963-1986); cluster B2 involved only two sequences from France and Mali and originated in Ghana.
After its Ghanaian origin, HIV-2 followed the statistically significant routes involving Japan, Mali, and the UK (sp = 0.26, sp = 0.29, and sp = 0.99, respectively). Figure 3 shows the viral gene flow of HIV-2 genotype B pol gene sequences. The null hypothesis of panmixia (i.e., no population subdivision or complete intermixing of sequences from different geographic areas) was rejected by the randomization test (P < 0.0001). The only observed viral gene flow was from Africa to France, Belgium, and Luxembourg (75%, EU2).
Viral gene flow analysis
DISCUSSION
About 1-2 million of subjects living with HIV are infected with HIV-2 worldwide. [2] In the recent years, the prevalence of HIV-2 is a growing concern in some European countries [10] such as Portugal and France. [25, 26] In the present study, an accurate molecular clock strategy to investigate the epidemic history of HIV-2 Group B, to estimate the timescale of the epidemic, and to infer the demographic history of the virus was performed. [27] The demographic history of HIV-2 Group B is characterized by a first period of low endemicity followed by an exponentially increasing number of infections. Our phylodynamic analysis of HIV-2 Group B grew of 1-log from 1970 to 1985 when reached a plateau. In the early 2000s, the epidemic showed two bottlenecks and a new phase of plateau at the end of 2000s. Our demographic estimates suggest that some environmental and social events enabled HIV-2 Group B to switch the epidemic growth around 1970-1985 1985 whereas in 2000s there was a decreasing phase and bottlenecks.
The independence war from Portugal in Guinea-Bissau, a former Portuguese colony that occurred between 1963 and 1974 probably played an important role as route of transmission of Group B as already postulate by Lemey et al.[15] This statement is also supported by the fact that the first reported cases of HIV-2 in Europe were Portuguese veterans who had served in the army during the independence war. [27, 28] Moreover, commercial sex work in growing cities (after 50s years) played an important role in maintaining the epidemic. Similarly, the virus spread to other colonial countries such as French and England. The number of infected persons had an exponential amplification in the early 1950s probably because the facility of injection administered mostly for treatment of presumed syphilis. [29] The phylogeographic routes of HIV-2 Group B migration highlighted by the present study are probably supported by social-political events such as wars, colonialism, population movements that favor the diffusion, and spread of the epidemic.
The most probable geographic origin of HIV-2 Group B was in Ghana; from there, a close inspection of viral flow revealed a scenario of multiple introductions resulting in different paths of transmission clusters involving African and European countries. As expected, the main phylogeographic path was within African countries with the recent European and Asiatic introduction involving the UK and Japan. Excluding colonialism and wars, because the route of the virus entrance in the UK dated back 2000 year, we can hypotheses that this event can be due at an important migration flow (i.e., refugees). Indeed, in Western Europe, the year 2000 was characterized by three major interrelated developments with a direct bearing on UNHCR's protection activities. The first was the acceleration of the European integration process, particularly with regard to the enlargement of the European Union. The second was the very noticeable return of legal immigration to the Western European political agenda, with discussion focusing almost exclusively on the demographics of labor, i.e., economic necessity. The third was the commitment of Member States of the European Union to the development of a common asylum system. Western European governments showed increasing readiness to co-operate with UNHCR on subjects of common interest, such as asylum and migration, the root causes of humanitarian crises, the provision of humanitarian aid, and solutions to protracted refugee situations. Totally, 452,350 asylum applicants in Western Europe was registered in 2000 (roughly 20,000 fewer than in 1999); Northern Europe remaining the main destination for asylum-seekers. The largest number of asylum claims was received in Germany (including re-opened applications), the United Kingdom, the Netherlands, and France (www.unhcr.org).
Regarding the viral gene flow of HIV-2 Group B, the only viral gene flow observed (75%) was from Africa to European countries such as France, Belgium, and Luxembourg as consequence of wars, colonialism, and movements of people contributing to the diffusion of the epidemic.
Data from viral gene flow and phylogeographic analysis seem to suggest that HIV-2 Group B originated in Ghana moving toward European countries during the year 1970s. Recently, HIV-2 Group B was isolated more frequently in the UK probably as consequence of migration flows; in fact, the phylogeographic analysis dated the UK sequences in the year 2000, the youngest cluster in the tree.
A possible limitation of our study can be the limited availability of sequences with known sampling date and isolation country sometimes. To optimize the analysis, we tried to overtake any possible bias randomizing the samples to have the greater homogeneity in our heterogeneity. Maybe the dissemination of HIV-2 Group B needs to be further investigated using a large dataset.
In conclusion, the study gives insights into the origin, history, and phylogeography of the HIV-2 Group B epidemic. Despite the low virus transmissibility of HIV-2, the growing number of infections worldwide indicates the need of strengthening surveillance. In particular in the European countries is important to monitor the diffusion of HIV-2 infection from endemic countries.
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